ABSTRACT During the course of a QTL study involving an intercross between White Plymouth Rock chickens and Red Jungle Fowl, certain reproductive anomalies such as atresia and double ovary-oviduct became evident. Observed in reciprocal pedigreed F1 crosses were 2 full-sib pullets with dual functioning ovaries. One also had complete functioning left and right oviducts. The other had asymmetrical reproductive tracts with a typical left oviduct and a rudimentary right oviduct. In addition, there were 3 females with atresia. Although they had different sires and dams, their grandparents were related, and all 5 traced to a common ancestor. Pedigrees, photos, and biological aspects of these conditions are presented and discussed.
INTRODUCTION
The reproductive life of an animal begins with sexual maturity, and its onset suggests economic and evolutionary importance. Being the direct descendant of theropod dinosaurs, birds share a number of commonly derived traits, such as an ovary containing hierarchal follicles and a yolk-transported oocyte (King and McLelland, 1979; Zheng et al., 2013; Johnson, 2014) . Likewise, derived from the enantiornithine birds is an asymmetrical left reproductive tract (Zheng et al., 2013) . These features along with other adaptations may have been essential for weight reduction to aid the birds' ability to fly. The onset of lay can be attributed to 3 factors: age at first egg, body weight at first egg, and body composition (Robinson et al., 2003) . Reported here are examples from a pedigreed intercross population where atresia and double ovary-oviduct are traced to a common ancestor.
MATERIALS AND METHODS
All procedures were carried out in accordance with the guidelines established by Virginia Tech Institutional Animal Care and Use Committee.
The foundation populations for this study were pedigreed White Plymouth Rock chickens selected for low 56 d body weight (LWS, generation 57; Dunnington et al., 2013) Brisbin and Peterson, 2007) . From them, reciprocal pedigreed F1 and F2 intercrosses following the design of Park et al. (2006) were generated. This involved LWS males mated to RJF females to produce LR progeny and RJF males mated to LWS females to produce RL progeny. From this F1 generation, reciprocal crosses were generated, which involved RL males mated to LR females to produce RLLR progeny and LR males mated to RL females to produce LRRL progeny.
Chickens of the F2 population were identified by a 4-numbered wing band, which would be referenced thereafter. An F2 female was considered sexually mature when she laid her first egg. She was then euthanized and her follicles (>5 mm; Robinson et al., 2003) counted by the senior author. During the course of obtaining these data from 124 RLLR and 177 LRRL pullets, it was noted that 2 pullets had dual functioning ovaries. There were also 3 pullets that phenotypically appeared to be in lay; however, no eggs were oviposited. These were euthanized and examined internally for reproductive anomalies.
RESULTS

Dual Ovaries
Of the F2 females that were examined, those that exhibited either dual functioning ovaries or atresia were LRRL. Dual functioning ovaries, oviducts, and oviducal orifices were identified in LRRL 3432 (Figure 1 ). There are the left and right ovaries (A) with 4 and 3 hierarchal follicles, respectively, the fully formed right oviduct (B), and the oviducal right orifice in the cloaca (E). The left magnum is stemming from the left infundibulum (C) with an egg in the isthmus (D), and a ruptured oviducal left orifice (F) shows that an egg had been oviposited. Figure 2 shows an asymmetrical reproductive tract of LRRL 4277. There is the right ovary with 3 hierarchal follicles (A), the rudimentary oviduct (B), the left ovary with 4 hierarchal follicles (C), and the infundibulum (D) of the left oviduct.
LRRL 3432 and 4277 were full-sibs from a reciprocal F1 cross between sire LR 3273 and dam RL 3315 ( Figure 3 ). These parents were cousins, with the sire of LR 3273 the full-sib of the dam of RL 3315. Likewise, the dam of LR 3273 was the full-sib of the sire of RL 3315. The grandparents of both the LWS and RJF lineages of the affected individuals were fullsibs (LWS 743 and 741; RJF 1318 and 858). The LWS great-grandparents of the affected individuals also were related because, although LWS 7164 and LWS 7172 have different sires and dams, the granddam of LWS 7172 was a full-sib of the grand-sire of LWS 7164.
Atresia
Atresia, at the time of necropsy, is shown in Figure 4 where A is small follicle atresia (<8 mm), and B is the oviduct. Three F2 LRRL females (LRRL 4218, 4457, and 4179) exhibited atresia ( Figure 5 ). Although these pullets had different sires and dams, their parents were related, as RL 3318, 3433, and 3318 were half-sibs from sire RJF 858. Likewise, LR 3427, 3273, and 3415 were half-sibs from sire LWS 743. The grandparents LWS 743 and 741; RJF 1080, 873, and 858 of the affected individuals were full-sibs. The LWS great-grandparents of the affected individuals also were distantly related. Although LWS 7164 and 7172 had different sires and dams, the grand-dam of LWS 7172 was a full-sib of the grand sire of LWS 7164.
Common Ancestors for Dual Ovary Atresia
The 3 pullets that exhibited atresia and the 2 pullets that exhibited dual functioning ovaries, oviduct, and oviducal orifices were all from the LRRL group of the F2 population and had grandparents (LWS 743, 741, and RJF 858) and great-grandparents (LWS 7164, 7172, RJF 1336, and 1333 or 1334) in common. All 5 hens had at least one LWS grandparent who was an offspring of LWS 7172.
DISCUSSION
There is a propensity for gonadal asymmetry in favor of a fully functioning left ovary in chickens. During embryogenesis, the right and left gonads develop similarly until ED8 where regression of the right ovary occurs (Romanoff, 1960) . Previously reported deviations from the typically unilateral reproductive tract in chickens include a symmetrical doubling of all components, as well as versions for asymmetrical doubling for rudimentary elements of the tract (Champion, 1955; Morgan and Kohlmeyer, 1957; Morgan and Greb, 1959; Sell, 1959) . Lacking, to our knowledge, are reports of dual ovaries and oviducts in the same individual.
While studying an inbred strain of Rhode Island Reds (SD-11; 70%), which was a closed flock with no selection for the double-oviduct trait, Morgan and Kohlmeyer (1957) found a suggested genetic effect for the persistency of the right oviduct. They observed bilateral oviducts with different lengths of rudimentary right oviducts in 6 non-laying hens. Necropsy revealed that the right rudimentary oviducts were attached to the cloaca in a similar manner to those of the left in the 6 chickens, and portions of the magnum, isthmus, uterus, and vagina were not degraded during development. There was no presence of a right ovary. Using information from a Rhode Island Red population, Morgan and Greb (1959) organized a pedigree chart of the dams involved in the lineal ancestry, which revealed that the affected individuals traced to a common ancestor, which had 2 vaginal orifices. Sell (1959) , observed upon postmortem examinations, a similar pattern of bilateral oviducts and orifices in 4 hens when studying a flock of White Plymouth Rocks. Due to the "high" incidence of this observation within the flock, Sell (1959) further examined the progeny of the affected individuals to determine if the degree of incidence of the dual oviducts and orifices persisted through to the next generation. Twenty 24-month-old pullets that had been in production for 6 mo were autopsied. Along with the presence of a normal left ovary, oviduct, and 2 orifices, 16 pullets were found to have a complete right oviduct, and 4 had a rudimentary right oviduct. There was no presence of a right ovary in any of the 20 pullets. His study reveals the persistence of the right oviduct, but not ovary, in White Plymouth Rock populations. Guioli and Lovell-Badge (2007) reported that Pituitary homeobox 2 (Pitx2) controls the left-right (L-R) asymmetry pathway, which in turn determines the L-R difference in organs such as the heart and gut. Pitx2 is expressed asymmetrically because in both sexes of chickens, it is found only in the left gonad from the start of their development. In male embryos, the right and left gonads can continue to form similarly past ED8, provided there is an expression of Pitx2 on the right before or during gonadogenesis. In female embryos, this can abort the degenerative fate of the right ovary, producing bilateral symmetry. Similarly, Ishimaru et al. (2008) confirmed that early asymmetric expression of Pitx2 led to the asymmetric development of the ovary. They further demonstrated that RALDH2, ERα, and Ad4BP/SF-1 in conjunction with Pitx2 differentially regulated cyclinD1 gene expression to contribute to asymmetric ovarian development.
One of the foundation populations in our study was the White Plymouth Rock line, which was selected for low 56 d body weight. We suspect that this condition was due to a polygenic effect passed from the LWS sire lineage, because all affected individuals belonged to the LRRL reciprocal cross. LRRL 3432 had a fully functional complete bilateral reproductive tract with no sign of degradation during development. Whereas, LRRL 4277 had a mature right ovary with a rudimentary right oviduct with obvious partial developmental degradation, demonstrating variation in ovary-oviduct relationships. Unlike previous studies, we observed the presence of the right ovary along with either a complete right oviduct and orifice or a rudimentary oviduct.
Generally, genetic selection for rapid growth has reduced reproductive efficiency. Small yolk-filled follicles (<8 mm) are susceptible to atresia, and the condition is more common than large-follicle atresia in the domestic hen (Fell, 1923; Gilbert et al., 1983) . Gilbert et al. (1983) proposed that 2 complementary mechanisms regulate the production of the ovulable follicles. Hierarchy determines the number of follicles ovulating in a laying period, and the rate of atresia occurring in the smaller follicles precludes their ovulation. In addition, Hocking et al. (1987) reported that low egg production in White Leghorns, dwarf, and normal broiler breeders was determined by the physiological control of atresia in small follicles (<8 mm). Renema et al. (1999) reported a lower numerical occurrence (not significant) of smallfollicle atresia (<5 mm) in a flock of Shaver Starbro broiler breeders fed ad libitum (10.3) than those whose feed intake was restricted (32.3). They further reported a significant increase in small-follicle atresia (<5 mm) with delayed sexual maturity for pullets on restricted feed intake. While studying ovulation and oviposition patterns, there has been prior knowledge of atretic conditions in the Virginia body weight lines of chickens with earlier maturity and a higher incidence of internal laying and atresia in the high than the low weight line (Reddy and Siegel, 1976) .
The 5 chickens we observed with either dual ovaries or atresia were fed ad libitum throughout, and all were within 2 standard deviations of the population mean for weight at 56 d of age (235 ± 58 g), body weight at first egg (842 ± 103 g), and age at first egg (191 ± 20 d) . Penetrance of dual oviducts was observed in LRRL 4277 because of a rudimentary oviduct with the presence of a complete right ovary. As far as we are aware, there have been no reports linking the occurrence of symmetrical dual ovaries and atresia to the same family and lineage of birds. Both conditions trace back to LWS 7164 and 7172 or RJF 1336 and 1333/1334. Because the RFJ is the wild progenitor of the domestic chicken and the lines selected for low body weight used in this experiment had occurrences of atresia (Reddy and Siegel, 1976) , the alleles for these conditions may have been present in both populations at a low frequency. Therefore, this was not a coincidence, as it is likely that pairings of combinations of these alleles may have resulted in these phenotypes.
